Background {#Sec1}
==========

From endogenous processes that induce DNA damage, such as reactive oxygen species and replication fork collapse, to exogenous genotoxic agents that attack DNA and produce various DNA lesions, such as chemical agents, ultra violet and ionizing radiations, human genome stability is challenged constantly in daily life \[[@CR1]\]. These lesions need to be repaired to prevent loss of genome information or faulty transmission to the next generation. If not repaired properly, they may give rise to mutations or chromosomal damage and can ultimately cause abnormalities, including oncogenic transformation and tumor progression \[[@CR2]\]. For the maintenance of genomic stability, organisms have developed various mechanisms to cope with these damages. DNA damage response (DDR) refers to a plethora of various signal pathways and at least 450 related proteins \[[@CR3], [@CR4]\]. Activation of DDR halts cell cycle progression, leaving time for repair or bypass of damage. It also impacts on downstream cell fate decisions, inducing senescence, apoptosis or elimination by immune system \[[@CR5]--[@CR7]\]. On the other hand, genome instability is a hallmark of tumor cells \[[@CR8]\] and is associated with a proneness to accumulate DNA damage in malignant cells. Meanwhile, a main difference between normal cells and cancer cells is that most cancer cells already harbor one or more DDR defects during their transformation, which confers an increased dependency on the remaining mechanism \[[@CR4]\]. This hallmark of cancer cells outlines an opportunity to treat malignancies by targeting remaining DDR that they depend on \[[@CR9], [@CR10]\].

The MRE11-RAD50-NBS1 (MRN) complex has a crucial role in DDR. It is one of the first sensors and responders to DNA damage and orchestrates DDR response in double-strand break (DSB), replication fork (RF) collapse, dysfunction of telomeres and viral invasion \[[@CR11]\]. At the molecular level, MRN is composed of two meiotic recombination 11 homolog 1 (MRE11) subunits, two ATP-binding cassette (ABC)-ATPase (RAD50) units, and two phosphopeptide-binding Nijmegen breakage syndrome protein 1 (NBS1) subunits (Fig. [1](#Fig1){ref-type="fig"}a). Insights from structural analysis of MRN complex demonstrate that the assembly of hetero-hexamers possesses multiple biochemical functions including: ATP hydrolysis of RAD50 \[[@CR12], [@CR13]\], DNA binding by multiple units, bridging the DNA molecules together along with exonuclease and endonuclease activities. Fig. 1Structure and conformation of MRN complex. **a** Key domains of MRN complex subunits. Phosphoesterase domain of MRE11 has both single strand DNA endonuclease and double strand DNA exonuclease activity. Antiparallel coiled-coil domain of RAD50 extends the protein. Zinc hook domain of RAD50 facilitates the formation of dimers as depicted in (**b**). **b** MRN complex goes through conformational changes when ABC-ATPase domains (A/B Walker motifs) binds to ATP and forms a head-to-tail dimer. This compact, rigid, and closed conformation blocks access to MRE11 active sites. Upon hydrolysis and removing of ATP, MRN complex switches to an open form, exposing the active sites of MRE11. (FHA: fork-head associated domain; BRCT: breast cancer-associated 1 C domain)

In addition to these activities, MRN triggers cell cycle checkpoint response by interacting with ataxia-telangiectasia mutated (ATM) and ATM-and-Rad3-related (ATR) proteins \[[@CR14]\], which are essential components of DDR \[[@CR15], [@CR16]\]. ATM initiates a variety of cellular signaling pathways in response to DNA damage, including cell cycle control, transcription and DNA repair \[[@CR17]\]. MRN complex plays an important role in modulating ATM activity. In MRN deficient cells, ATM activation is defective \[[@CR18]\]. Subsequent studies found that NBS1 plays an important role ATM activation \[[@CR19]\].

Based on DDR deficiency in tumorigenesis and tumor development and the intriguing potential function of MRN complex in DDR for cancer treatment, we sought, in this review, to focus on the structure and biofunctions of MRN complex and its roles in tumor development, treatment efficiency and the potential as a target for anti-cancer therapy.

Structure and function of MRN complex {#Sec2}
-------------------------------------

The MRN complex controls biological outcomes of DNA damage by acting as flexible scaffold, combined sensor, signaling and effector complex via its dynamic states. It impacts three critical functions in processing of DNA stress: DNA binding and processing, DNA tethering to bridge DNA over short and long distance, and activation of DDR response and checkpoint signaling pathways. Its structure architecture underlies these diverse roles \[[@CR20]\].

### Structure of MRN complex {#Sec3}

MRN structure can be separated into "head", "coil", "hook" and attached adapter regions.

The head region consists of two RAD50 ABC-ATPase domains and two MRE11 nucleases bound to the base of the RAD50 coiled-coils (Fig. [1](#Fig1){ref-type="fig"}b). It functions as the DNA binding and processing core of MRN complex. MRE11 contains an N-terminal nuclease motif followed by a cap domain that restricts access to the nuclease site, a RAD50 binding motif and C terminal DNA binding domains (DBDs) (Fig. [1](#Fig1){ref-type="fig"}a) \[[@CR21], [@CR22]\]. The nuclease and DBDs enable the 3'-5' dsDNA exonuclease activities and 5'-3' endonuclease activities which resects DNA ends to generate 3' single-stranded DNA overhangs for further repair \[[@CR23], [@CR24]\].

The globular RAD50 ATPase domains are formed by two halves encoded at either end of the primary sequence. These two halves sequence which come together to form the globular "head" from the collapse of the inserted intramolecular antiparallel coiled-coil sequence (Fig. [1](#Fig1){ref-type="fig"}a) \[[@CR13], [@CR25]\]. This coiled-coil region forms a long (\~500 Å) extension from the head of the MRN complex with a central CxxC motif forming a Zn-hook domain at the apex of the coiled-coil. This Zn-hook mediates Zn-dependent RAD50 subunit interaction and formation of flexible bridge of various distances (up to 1200 Å) \[[@CR13], [@CR26]\]. RAD50 conformation at the dimer interface is controlled by the binding of ATP molecules \[[@CR13]\].

The NBS1 subunit is specific to eukaryotes. In eukaryotes, NBS1 forms the flexible adaptor domain of MRN and acts as a regulator and protein recruitment module. It consists of one fork-head associated (FHA) and two breast cancer-associated 1 C (BRCT) domains which form the phosphorylated protein binding core, a MRE11 binding motif and an ATM binding motif (Fig. [1](#Fig1){ref-type="fig"}a). NBS1 renders MRN complex its signaling role through binding to ATM or ATR in the context of DSB or replication fork stalling, respectively \[[@CR27], [@CR28]\].

MRN complex goes through conformational changes when ATPase domain of RAD50 binds to ATP. It closes its arms and forms a compact, rigid, and closed conformation which can accommodate dsDNA but with the access to MRE11 nuclease sites blocked. In the absence of hydrolysis state of ATP, the RAD50 ATPase subunits are flexible and relatively open, and this renders DNA accessible to the MRE11 nuclease active sites (Fig. [2](#Fig2){ref-type="fig"}b) \[[@CR29]\]. Fig. 2DNA binding and processing function of MRN complex. **a**-**b** Vertical view of MRE11 complex holding synaptic DNA complex (**a**) and branched DNA (**b**). Two MRE11 subunits are oriented symmetrically and bind the synaptic DNA complex which is normally seen in HR (**a**). In collapsed replication fork, branched DNA is hold in MRE11 complex asymmetrically in one half of the MRE11 dimeric cleft (**b**). **c-d** Models for MRN complex in processing DNA ends. For initiation of HR, MRN complex binds sister chromatid with broken DNA through a tail-to-tail link with another MRN complex and prepares for the further procedure of HR (**c**). In NHEJ, two MRN complexes bind the two ends of broken DNA separately. Later, through structure transition, MRN complexes tether and align broken ends for subsequent repair steps (**d**)

The diverse DNA scaffolding functions of MRN complex is dictated by MRE11 \[[@CR21]\]. In the synaptic end complex, two broken DNA ends are housed in near parallel yet opposed trajectory. This linear bridging provides a molecular mechanism to tether DNA ends within short distances (Fig. [2](#Fig2){ref-type="fig"}a) \[[@CR13], [@CR30]\]. In the branched complex mainly found in RF stalling, the branched DNA binds asymmetrically across the dimer \[[@CR21]\] (Fig. [2](#Fig2){ref-type="fig"}b).

### The function of MRN complex {#Sec4}

The MRN complex is the core conductor for the initial and sustained response to DSB, stalled RF, dysfunctional telomeres and immune responses to viral DNA infections \[[@CR11]\].

#### The MRN complex and DSB repair {#FPar1}

The role of MRN in DSB repair is extensively studied. It functions in both DSB sensing and repair. In sensing stage, MRN complex is recruited to broken sites by γ-H2AX and RAD17 \[[@CR31]\], both of which interact with NBS1 \[[@CR32]\]. At DSB sites, MRN activates ATM through the interaction between ATM and NBS1. Then ATM activates and regulates a DSB-cascade \[[@CR16]\]. MRN also orchestrates the pathway choice in DSB repair. There are two major pathways through which cells repair DSBs: the template-dependent error-free homologous recombination (HR) and error-prone canonical nonhomologous end joining (c-NHEJ). It is suggested that MRN complex licenses HR pathway choice through an MRE11 endonuclease cut, which generates 3' ssDNA overhangs that inhibits NHEJ. This is followed by MRE11 exonuclease and EXO1/BLM bidirectional resection toward and away from the DNA end, which commits to HR \[[@CR24]\]. Nonetheless, the biochemical endo- and exonuclease activities of MRN also act on DNA ends with protein adducts \[[@CR33]\]. It removes covalently linked protein complexes such as topoisomerase complexes from genomic DNA \[[@CR34]\] and might facilitate the repair by NHEJ \[[@CR35]\]. In HR and NHEJ, DNA tethering and bridging function is mainly facilitated by the Zn-hook in RAD50 \[[@CR13], [@CR36]\]. In HR, MRN complex is tail-to-tail linked (Fig. [2](#Fig2){ref-type="fig"}c). This structure facilitates the bridge of sister chromatid and formation of stabilization of displacement loop, a common intermediate in recombination, break-induced replication and telomere maintenance \[[@CR13]\]. In NHEJ, the head domains of two MRN complexes bind separate DNA ends, aligning and tethering them after a structure transition (Fig. [2](#Fig2){ref-type="fig"}d).

#### The MRN complex and replication stress {#FPar2}

Collapse of RF can be induced by different causes and activate the replication stress response, which is primarily mediated and solved by ATR \[[@CR37]\]. MRN complex entitles a dual role in response to replication stress. It binds DNA structures or breaks encountered in stalled or collapsed RF and promotes the restart of DNA replication and activates ATR \[[@CR38], [@CR39]\]. Also, MRN-mediated resection of nascent DNA likely frees the replisome from the collapsed RF \[[@CR40]\] and generates 3' overhangs for initiation of HR, which in turns restores the replication under stress but possibly contributes to genomic instability \[[@CR41]\]. On the other hand, unregulated resection can be detrimental and lead to fork degradation mediated by MRE11 exonuclease activity \[[@CR42]\]. MRE11 nuclease activity could be inhibited by BRCA2 while the absence of BRCA2 may lead to chemoresistance \[[@CR43], [@CR44]\]. Nonetheless, limiting the access of MRE11 to ssDNA at stalled RF may also contribute to the development of chemoresistance \[[@CR45]\]. This duality highlights the complexity by which tumor cells evade chemotherapeutics and develop resistance. However, it also provides a potential mechanism that synthetic lethality can be induced.

#### The MRN complex and dysfunctional telomeres {#FPar3}

In humans, the MRN complex also plays dual roles at telomeres. It assists the shelterin complex to avoid DSB repair at functional telomeres, thus suppressing tumor development \[[@CR46], [@CR47]\]. Otherwise, it causes genomic instability by promoting NHEJ pathway at dysfunctional telomeres. NBS1 and MRE11 may participate in these processes \[[@CR11]\]. Also, the MRN complex regulates telomere length, most likely by recruiting telomerase \[[@CR48]\]. A better understanding of the biochemical role of MRN in dysfunctional telomeres needs future experimentation.

#### The MRN complex and viral infections {#FPar4}

Upon viral infection, viral DNA in the cytoplasm is recognized and bound by MRN complex, and the complex signals local ATM activation that specially inhibits viral replication without escalating the response to a global one \[[@CR49]\]. MRN binding to viral DNA in the cytoplasm also leads to production of type I interferons \[[@CR50]\]. However, some viral encoded proteins are capable of inactivating MRN complex through protein relocalization and degradation \[[@CR51], [@CR52]\]. The MRN complex may also have impact on immune system development by controlling class switch recombination, although the results from different reports are controversial \[[@CR53]\]. Based on the interplay between viral infection, DNA repair and immune responses, oncolytic virus-based therapies targeting the MRN complex are implemented in the treatment of cancers as discussed below.

MRN complex alterations and tumorigenesis {#Sec5}
-----------------------------------------

MRN complex is involved in different responses to cellular damages and plays a crucial role in orchestrating DDR. Meanwhile, each component of this complex owns important biological roles. Disruption of either component of the complex in mice results in embryonic lethality \[[@CR54]--[@CR56]\]. In humans, hypomorphic mutations in any of these three genes can cause syndromes associated with genome instability \[[@CR57]\]. For instances, mutations in MRE11 gene lead to ataxia-telangiectasia-like disorder (ATLD), which is quite rare with only a few cases reported \[[@CR58]--[@CR61]\]. Mutations in NBS1 gene cause Nijmegen break syndrome (NBS) \[[@CR62], [@CR63]\], which is an autosomal recessive genetic disorder. Both ATLD and NBS are characterized by immunodeficiency, genomic instability, hypersensitivity to radiation and predisposition to cancer. RAD50 deficiency has been reported in a case of NBS disorder \[[@CR64]\]. Based on the fact that all the three components of MRN are implicated in cancer-prone disorders, we postulated that alterations in MRN expression or function may be implicated in malignant transformation.

While mutations in BRCA1/2 are the most common alterations implicated in hereditary cancer syndromes \[[@CR65], [@CR66]\], mutations in other genes are identified increasingly in cancer patients with the development of multigene panel testing \[[@CR67]\].

MRE11, RAD50, and NBS1 genes were identified as genes with moderate penetrance for breast cancer \[[@CR68]\]. In a mice model of sporadic onco-gene-driven breast tumorigenesis, impairment of the functions of Mre11 complex promotes the progression of mammary hyperplasia into invasive, metastatic breast cancer while intact Mre11--mediated DDR restrains progression of mammary hyperplasia \[[@CR69]\]. Recently, a pooled analysis from a large case-control study reveals that carriers of MRN variants present increased breast cancer risk \[odds ratio (OR)=2.9\] \[[@CR70]\]. In this study, missense substitutions in MRE11, RAD50 and NBS1 key functional domains have been observed. Similar results have also been reported by various groups \[[@CR71]--[@CR73]\]. However, controversial findings exist. In a multigene panel-based clinical testing for pathogenic variants in inherited cancer genes, the genes of MRN complex do not confer any appreciable risks of breast cancer \[[@CR74]\]. Associations between mutations of MRN complex genes and cancer susceptibility have also been observed in ovarian cancer \[[@CR75], [@CR76]\] and glioma \[[@CR77]\].

Alterations of single gene of the MRN complex have also been reported in cancer development. MRE11 negativity is significantly higher in sporadic gastric cancer than in early-onset or familial gastric cancer \[[@CR78]\]. In a chemical reagent-induced mouse malignancy model, the expression level of Mre11 in tumor tissue is significant lower than that in non-tumor tissues, suggesting that chemical reagents might induce changes in DDR proteins and that the alterations in DDR gene products are important for tumor development and growth \[[@CR79]\]. It is also reported that alterations of MRE11 are frequent in neuroblastoma \[[@CR80]\].

RAD50 is reportedly altered in acute myeloid leukemia \[[@CR81]\], endometrial carcinoma \[[@CR82]\], Burkitt lymphoma \[[@CR83]\] and so forth. The homozygous mutation in the Zn-hook domain of Rad50 is lethal in mice, while the heterozygous mutation leads to liver tumorigenesis, suggesting that Rad50 hook domain strongly influences tumorigenesis \[[@CR84]\].

NBS1 has emerged as a prostate cancer-susceptibility gene, with its variant being more prevalent in patients with familial history rather than sporadic prostate cancer \[[@CR85]\]. The relation between NBS1 variant and increased cancer susceptibility is also observed in lung cancer \[[@CR86]\], liver cancer and intrahepatic cholangiocarcinoma (IHC) \[[@CR87]\].

For better clarification, whether these variants can lead to altered MRN function deserves further studies. It has been reported that alterations in the BRCT domain of NBS1 compromises its interaction with BRCA1 and genome surveillance ability, which is associated with susceptibility to other tumors \[[@CR88]\]. Previous reports also showed that the presence of variant allele might lead to a lower MRN complex activity, leading to an impaired cellular ability to detect and repair the DNA damage \[[@CR89], [@CR90]\]. Further exploration of the relation between MRN variants and its function may help to depict the link between MRN alterations and tumorigenesis.

With respect to the link between MRN alterations and tumorigenesis, there are still several questions that need to be addressed.

First, the frequency of gene variations of MRN complex is about 1% or less in cancer patients \[[@CR91]--[@CR93]\], suggesting that cooperation with other genes is needed when these genes are considered as testing panel.

Second, at present, the role of MRN complex in tumorigenesis still remains controversial, due to studies that led to opposite conclusions related to its tumor suppressive role \[[@CR94]--[@CR96]\]. This may be caused by the lack of standards for evaluation of MRN complex and reliable way to treat MRN complex as a whole rather than measure individual component separately. There is a strong correlation among MRE11, RAD50 and NBS1in complex formation; modulation of single component of the complex can impact the entire complex \[[@CR97]\].

Third, most studies have focused on the relationship between inherited gene mutations and cancer susceptibility risk \[[@CR68], [@CR85], [@CR88]\]. On one side, they provide detailed information about genetic variations and predisposition to malignancy in populations with cancer family history, which may facilitate cancer prophylaxis. On the other side, more studies are needed to unveil the role of MRN in sporadic cancer to better understand this complex and explore its potential for treatment.

Last of all, MRN complex is postulated as a potential tumor suppressor because of its indispensable role in DDR and maintenance of genomic stability. This role may also involve counteracting oncogene-induced replication stress in cancer cells \[[@CR98]\]. In normal cells, MRN complex suppresses genome instability and prevents accumulation of DNA damages. However, the intact function of MRN complex is far beyond its tumor suppressor function. It may also contribute to cell survival in tumor cells \[[@CR98]\]. Thus, when the role of MRN complex in tumorigenesis is interpreted, its function in cancer cells must be taken into consideration.

Recent publications related to the role of MRN complex in tumorigenesis are listed in Table [1](#Tab1){ref-type="table"}. Table 1Role of MRN complex in tumorigenesisCancer typeMoleculesResultsYearRefB cell lymphomaMRE11x MRE11 promotes tumorigenesis by facilitating resistance to replication stress.2017\[[@CR98]\]Breast CancerMRN✓ MRE11, RAD50 and NBS1 were genes with moderate penetrance.2016\[[@CR68]\]MRN✓Mutations in MRN contribute to increased cancer risk.2013\[[@CR70]\]MRNx MRN complex genes did not confer any appreciable risks.2017\[[@CR74]\]MRE11✓ Defect in MRE11 function promotes progression of mammary hyperplasia into invasive, metastatic cancer.2013\[[@CR69]\]MRE11✓ MRE11 variant was associated with increased risk of breast cancer.2018\[[@CR73]\]MRE11, RAD50✓ MRE11 and RAD50 were moderate-susceptibility genes for breast cancer.2015\[[@CR92]\]MRE11x Variants of MRE11 gene did not constitute a risk factor.2018\[[@CR96]\]NBS1✓ NBS1 variant 923T\>C might be a risk factor for breast cancer development.2016\[[@CR72]\]Burkitt lymphomaRAD50✓ RAD50 mutations were identified in Burkitt lymphoma.2017\[[@CR83]\]Endometrial carcinomaRAD50✓ RAD50 mutation was frequently detected.2017\[[@CR82]\]Gastric cancerMRE11✓ Low expression of MRE11 was associated with gastric cancer.2019\[[@CR78]\]GliomaMRE11, NBS1✓ NBS1 and MRE11 variants were associated with increased risk2015\[[@CR77]\]HBOCMRN✓ MRN mutations were detected in HBOC patients.2014\[[@CR93]\]RAD50✓ Mutations in RAD50 was implicated in cancer predisposition.2017\[[@CR71]\]Hepatic carcinomaMRE11✓ Expression of MRE11 was lower in chemical reagent induced hepatic carcinoma.2015\[[@CR79]\]Hepatic carcinomaRAD50✓ Mutations in RAD50 lead to liver tumorigenesis.2014\[[@CR84]\]IHCNBS1✓ NBS1 variants were associated with cancer susceptibility for IHC.2013\[[@CR87]\]Lung cancerNBS1✓ Variants of NBS1 were related with increased risk for lung cancer.2015\[[@CR86]\]NBS1✓ Functional polymorphisms of NBS1 were related with increased risk for lung cancer.2014\[[@CR90]\]Myeloid leukemiaRAD50✓ Alteration of RAD50 was found in myeloid leukemia.2019\[[@CR81]\]NeuroblastomaMRE11✓ Alterations in MRE11 was frequent in neuroblastoma.2017\[[@CR80]\]NPCNBS1✓ Polymorphism of NBS1 is associated with development and status of NPC.2011\[[@CR89]\]Ovarian CancerMRN✓ Lack of MRN detection occurred frequently in ovarian cancer.2017\[[@CR76]\]MRE11, RAD50✓ Pathogenic or likely pathogenic variants were detected in patients.2018\[[@CR75]\]MRE11✓ Low expression of MRE11 was associated with cancer developments.2014\[[@CR94]\]RAD50x RAD50 was ruled out as a risk factor.2017\[[@CR91]\]Prostate cancerNBS1✓ Variants of NBS1 were prevalent in familial prostate cancer.2018\[[@CR85]\]Renal cell carcinomaNBS1✓ Mutation in NBS1 functional domains was related with susceptibility to renal cell carcinoma.2015\[[@CR88]\]✓ Evidence supporting the tumor suppressing role of MRN; x not supporting or opposite conclusions; *HBOC* hereditary breast and ovarian cancer, *IHC* intrahepatic cholangiocarcinoma, *NPC* nasopharyngeal carcinoma

MRN alterations and cancer chemo/radiotherapy treatment {#Sec6}
-------------------------------------------------------

### Chemo/radiotherapy {#Sec7}

Genomic instability is a hallmark of cancers and renders a great propensity for malignant cells to suffer from genotoxic agents such as DNA-damaging chemotherapeutics and ionizing radiation. Based on this principle, strategies of many chemotherapeutics, such as platinum-based drugs and nucleoside analogs, are used to directly or indirectly interfere with DNA bioprocess and to ultimately lead to DNA damage and cell apoptosis \[[@CR99], [@CR100]\]. Despite their broad applications in anticancer treatment, instinct or developed chemo/radiotherapy resistances are common and greatly restrict their applications. Identification of therapy-sensitive populations and combination with other anticancer therapeutics are expected to overcome these problems. Defects in DDR pathways offer the potential for a broader yet more accurate therapeutic avenues in which tailoring treatments according to patients' genomic peculiarities can be developed.

Alterations of MRN complex component protein have been found to be engaged in various mechanisms of chemo/radio-resistance in multiple tumor cells \[[@CR101]--[@CR103]\].

#### DNA damaging chemotherapy {#FPar5}

Cisplatin and gemcitabine are both genotoxic agents that interfere with DNA bioprocess \[[@CR99], [@CR100]\]. In bladder cancer cells, downregulation of MRE11 is reportedly responsible for the synergistic effects elicited by combination of cisplatin and gemcitabine \[[@CR104]\]. Analysis of gastric cancer specimens of surgical resection after chemotherapy revealed that low expression level of MRN complex is associated with strong responses to chemotherapy and surgical resection \[[@CR105]\]. In vitro experiments showed that disruption of MRN complex or its components can confer sensitivity to cisplatin in cancer cells \[[@CR106], [@CR107]\] with increase in DNA damage and cell toxicity.

DNA topoisomerase inhibitors exert their anticancer effect by trapping the topoisomerase-DNA covalent complex and converting the enzyme into a cytotoxic covalently-linked protein adduct on DNA, causing the stalled DNA replication and the production of DSBs \[[@CR108]\]. As discussed above, MRE11, along with CtIP-BRCA1 complex, plays important roles in processing blocked topoisomerase-DNA ends caused by topoisomerase inhibitors \[[@CR34], [@CR109]\]. In addition to removal of adducts from DNA ends catalyzed by MRE11, MRN complex also plays a critical role in activation of cell cycle checkpoint control in response to stalled replication fork \[[@CR110], [@CR111]\]. As checkpoint activation provides time for repair of the damage, defects in checkpoint activation in tumor cells may result in sensitivity to therapeutics. With its dominant role in cellular responses to inhibition of replication fork, MRN is found to be required for cellular resistance to etoposide, which exerts its anti-cancer effect by inducing topoisomerase II-DNA adducts \[[@CR34], [@CR112]\]. Transfection of MRE11 in MRN-defective cancer cells rescues its deficiency in S-phase arrest in response to topoisomerase I inhibitor \[[@CR97]\]. Recently, it has been proved that their ability of nuclease-dependent removal of incorporated adducts from replicating DNA also contributes to cellular tolerance to chain--terminating nucleoside analogs \[[@CR113]\].

Decreased levels of MRE11 in combination with elevated chromosome mis-segregation portend a markedly enhanced response to chemoradiation therapy in rectal adenocarcinoma \[[@CR114]\].

#### Poly (ADP-ribose) polymerase inhibitor (PARPi) {#FPar6}

Synthetic lethal (SL) is a concept describing the situation in which either one or two alterations in genes have little effect on cells or orgasms alone but a combination of these defects is potent enough to induce cell death \[[@CR115]\]. SL in BRCA-deficient cells induced by PARPi is probably the most well-known example \[[@CR9], [@CR116]\]. BRCA1 and BRCA2 genes are critical components of HR repair for DSB. Defects in HR lead to the shift from HR to the NHEJ pathway, which can ultimately lead to genomic instability and cell death \[[@CR117]\]. During tumorigenesis, the wild-type allele of BRCA is lost, while BRCA remains heterozygous in normal tissues, and this opens a selective therapeutic avenue to PARP inhibitors. Because PARP is an important factor of single strand break (SSB) repair, inhibition of PARP activity prevents SSB repair, blocks DNA replication, results in DSB, and confers cytotoxicity, radio- and chemo-sensitivity to cancer cells \[[@CR116]\]. The application of PARPi in BRCA-mutant tumor cells is 1,000 times more potent than in BRCA-wild type cells \[[@CR118]\]. PARP inhibitors are also tested in cancers lacking BRCA deficiency, but with defects in HR caused by alterations in other genes related to HR. In fact, defects in some HR genes, such as ATM and ATR, have been shown to cause improved sensitivity to PARPi \[[@CR119]\].

The relationship between MRN complex and PARPi has also been explored in various studies. In BRCA wild-type (BRCAwt) ovarian cancer patients, 18% of the patients exhibit RAD50 deletion, and this deletion is associated with significantly better overall survival (OS) and progression-free survival (PFS). In ovarian cell lines, deletion of RAD50 copy number leads to better responses to PARP inhibitors. These results suggest that in BRCAwt patients, expression level of RAD50 might be employed as a candidate marker for survival and responses to PARP inhibitors \[[@CR120]\]. While loss of MRE11 has been discovered in about 30% of endometrial cancer patients, its depletion also confers sensitivity to PARPi in vitro, indicating that it might serve as a synthetic lethal gene with PARP \[[@CR121]\]. It was also reported that defects in the HR pathway (RAD50 defect) is associated with better responses to PARPi in malignant pleural mesothelioma \[[@CR122]\]. In neuroblastoma patients, alterations in DDR-associated genes, including MRE11, account for about 50% of the analyzed samples, and this defect may contribute to induction of synthetic lethality with PARP inhibitor, providing an opportunity for PARP inhibitor treatment \[[@CR80]\]. In some colorectal tumors, microsatellite instability leads to mutations in MRE11, and this mutational status correlates with PARPi sensitivity \[[@CR123]\].

Together, these findings suggest that defects in MRN complex may synergize with PARPi and elevate its efficacy. This speculation is further supported by both *in vitro* and *in vivo* experiments. Inhibitor treatment \[[@CR124]\], reduction of expression by siRNA or expression of mutant form \[[@CR125]\] of MRN component successfully sensitizes cancer cell lines to PARPi. Lajud *et al* showed that in a mouse model of head and neck squamous cell carcinoma, MRN complex disruption in combination with PARPi leads to accumulation of lethal DSBs, significant shortening of telomere length and, ultimately, regression of BRCA-proficient xenografts \[[@CR126]\]. Thus, the potential of MRN complex for SL with PARPi deserves more exploration and might serve as an opportunity for precision medicine similar to the tailoring of PARPi for BRCA-deficient patients.

#### Ionizing radiation {#FPar7}

Ionizing radiation causes a spectrum of damages in cells, with DSB being the most lethal type \[[@CR5]\]. HR and NHEJ are the two major pathways responsible for DSB repair. Deficiency in either pathway is believed to be related to increased radiosensitivity \[[@CR9]\]. ATM and ATR have vital roles in HR and NHEJ pathways. MRN complex is essential for mediating DSB repair and does so by interacting with ATM and ATR in addition to directing the choice of the repair pathway \[[@CR24]\].

Overexpression of MRN complex is capable of conferring radioresistance to rectal cancer. High level expression of MRN complex correlates with worse disease-free and overall survival in both postoperative and neoadjuvant radiotherapy group \[[@CR127]\]. Targeting RAD50 sensitizes nasopharyngeal carcinoma and colorectal cancer cells to ionizing radiation \[[@CR128], [@CR129]\].

Tumor hypoxia has a strong impact on tumor malignancy and treatment resistance. Cowman *et al* \[[@CR130]\] found that downregulated expression of NBS1 and MRE11 is involved in hypoxia-induced chemoresistance, inhibition of the DSB pathway and p53 activation in medulloblastoma cells \[[@CR130]\]. Kuo *et al* showed that NBS1 is capable of stabilizing hypoxia inducible factor-1a and promoting cancer cell migration and invasion under ionizing radiation \[[@CR131]\]. In this perspective, although deficiency in MRN may lead to defects in DDR and increased radiosensitivity, MRN complex may also influence radiosensitivity in an opposite way through other undefined mechanisms.

It has been reported that high levels of MRE11 predict the outcome after radical radiotherapy \[[@CR132], [@CR133]\]. However, Walker *et al* later showed that there is no significant association between MRE11 and the rate of success of radiation-based bladder preservation therapy \[[@CR134]\]. This inconsistency may be attributed to the lack of an automated quantitative methods or standard reassessment of MRE11.

MRN complex is also linked to treatment-induced toxicity. The pediatric medulloblastoma patients that harbor defects in DNA repair genes, including RAD50 and NBS1, are more vulnerable to treatment-related toxicity \[[@CR135]\], suggesting that special vigilance may be needed for patients with MRN defect in chemoradiotherapy.

### Prognosis {#Sec8}

The expression of MRN complex is also linked to the prognosis of cancer. Ho *et al* found that elevated expression of MRN complex in rectal cancer correlates strongly with poor disease-free survival (DFS) and OS \[[@CR127], [@CR136]\]. For gastric carcinoma patients, overexpression of MRN is linked to metastasis, chemoresistance and poor OS and PFS \[[@CR105], [@CR137]\]. These results suggest that targeting MRN complex in malignant tumors may be an option for treatment.

In pancreatic cancer and uterine serous carcinoma, patients harboring germline variants in DSB repair genes (RAD50, NBS1) tend to have superior survival \[[@CR138], [@CR139]\]. In high-grade ovarian cancer, high expression of NBS1 and RAD50 correlates with improved outcome. However, in samples of patients following neoadjuvant chemotherapy, the elevation of HR genes such as BRCA2 is associated with poor outcome \[[@CR140]\], suggesting that the choice of molecular markers should vary accordingly. In chemotherapy, higher levels of NBS1 has also been reported to correlate with shorter OS and overall response rate \[[@CR141]\]. Polymorphism of NBS1 also correlates with survival in renal cell carcinoma \[[@CR88]\]. In melanoma, overexpression of NBS1 has been proved to be linked to metastasis \[[@CR142]\].

Low RAD50 expression is associated with poor disease survival and OS in early stage/low-grade rectal cancer patients \[[@CR143]\] and colorectal mucinous adenocarcinoma \[[@CR144]\]. In non-small cell lung cancer, upregulation of RAD50 may be used to predict shorter RFS \[[@CR145]\]. In melanoma patients, RAD50 is the gene most significantly associated with survival among those analyzed, with a higher level of expression linked to poorer outcome \[[@CR146]\]. In BRCA1/2-negatice breast cancer patients, although RAD50 pathologic germline mutations poses no increased risk of cancer, it is nevertheless associated with unfavorable survival \[[@CR147]\].

It should be noted that expression of the complex may confer different effects under distinct contexts. Conflicting results have been found in studies of gastric cancer with MRE11. Kim *et al* found that low MRE11 expression is associated with worse OS in sporadic gastric cancer \[[@CR78]\]. Nevertheless, Li *et al* reported adverse findings \[[@CR137]\]. Ihara et al \[[@CR148]\] and Pavelitz et al \[[@CR149]\] found that MRE11-negatice colorectal cancer patients achieve significantly better tumor reduction compared with the MRE11-positive population. In prostate cancer, high MRE11 expression correlates with progression \[[@CR150]\]. It may be that MRE11 expression confers different effects under distinct contexts. Also, the endonuclease and exonuclease function of MRE11 complicates its role in cancer. As discussed earlier, MRE11 might induce chemoresistance by removing covalent adducts from DNA ends. It can also counteract tumor development by degrading stalled replication fork, which is frequently seen in cancer, and inhibition of the degradation of RF may induce chemoresistance \[[@CR37]\] \[[@CR45]\]. It remains uncertain which function of MRE11 or the MRN complex plays a dominant role in tumor progression.

These conflicting reports on the potential relations between each component of the complex (or the MRN complex as a whole) and the prognosis of different cancer types suggest that there is still no consensus on the role of MRN complex in cancer prognosis. Because prognosis of cancer can be influenced by various factors such as the stage, the treatment received, and so on. A more detailed discussion of the role of MRN complex under specific conditions may better address these roles.

Targeting MRN complex in cancer {#Sec9}
-------------------------------

To date, although there is no consensus on the role of MRN complex in tumorigenesis and prognosis, the majority of the results support its potential application as a target in cancer treatment.

### Genetic modulation {#Sec10}

It was reported that targeting MRN complex can halt cancer cell growth and migration \[[@CR151]\] and sensitize tumor cells to cisplatin, indicating that genetic modulation of MRN complex might open new avenues for cancers treatment \[[@CR152]\]. NBS patients with mutations in NBS1 gene are susceptible to malignancy. Using antisense oligonucleotides against NBS1 gene, Salewsky *et al* \[[@CR153]\] enforce alternative splicing of NBS1 gene in NBS patient cells and generate an internally deleted p80-nibrin protein, which skips the mutated exon, carries both amino terminal and carboxyl terminal domains, and possesses undisguisable DNA replication characteristics compared with control NBS1 protein. The same antisense sequences, when injected into humanized NBS1 murine mouse model, lead to efficient alternative splicing, verifying the efficiency of directed exon skipping *in vivo*. These results prove that the use of antisense oligonucleotides can be a potential cancer prophylaxis \[[@CR153]\]. Ohara *et al* reported that ectopic expression of FHA-domain mutated NBS1 sensitizes cancer cells to radiation therapy through suppression of HR \[[@CR154]\].

siRNA knockdown of RAD50 sensitizes NSCLC cells to radiation therapy in vitro \[[@CR145]\]. In breast cancer cells, RAD50 silencing sensitizes cells to DNA damaging agents \[[@CR155]\]. By using a dominant negative adenoviral vector containing a mutant RAD50 gene, Abuzeid *et al* showed that downregulation of MRN complex can increase the sensitivity of squamous cell carcinoma cells to platinum-based drugs \[[@CR107]\]. Chang *et al* used recombinant adenovirus containing a mutant RAD50 gene to disrupt MRN function and found that this treatment increases radiosensitivity in vitro and decreases tumor growth and accelerates tumor regression *in vivo* \[[@CR128]\]. Combination of mutant RAD50 therapy and cisplatin causes dramatic tumor regression in cisplatin-resistant human squamous cell cancer xenografts. These results suggest that RAD50 disruption might be a novel chemosensitizing approach for cancer therapy involving chemoresistance \[[@CR107]\].

Over the past two decades, an increasing number of microRNAs (miRNAs) and small noncoding RNAs have been identified as regulators of tumorigenesis and sensitivity to radiation therapy or genotoxic chemotherapies via modulation of DDR \[[@CR156]\]. Espinosa-Diez *et al* found that genotoxic stress-induced miR-494 production downregulates MRN complex and DNA repair, resulting in senescence and pathologic angiogenesis disrupt \[[@CR157]\].

### Oncolytic virus {#Sec11}

Oncolytic virotherapy employs lytic viruses that replicate selectively in cancer cells. There is a great potential that these viruses can be used along with other anticancer therapeutics. In certain type of oncolytic virotherapy, the ability of various oncolytic adenoviruses to interfere with MRN complex and inhibit the DNA damage response has been proved effective. This has raised great interest in combining this therapy with other DNA damaging treatments - for example, radiotherapy \[[@CR158]\].

Stracker *et al* \[[@CR51]\] first demonstrated that cells infected with adenovirus serotype 5 (Ad5) lead to the downregulation of intracellular MRN level. This decreased expression is caused by enhanced protein turnover mediated by the Ad5 E4orf6-E1b55K complex. Also, Ad5 F4orf3 and E4orf6 can cause relocation of MRN complex to the cytoplasm and accelerate its degradation and inactivation \[[@CR52]\]. Blackford *et al* \[[@CR159]\] found that the adenoviral E1B55kDa protein can also exert the function of MRN inhibition in cooperation with E4 protein to create the optimal intracellular environment for viral protein synthesis.

A modified oncolytic adenovirus mutant that lacks an antiapoptotic gene (E1B19K) is found effective in sensitizing pancreatic cells to DNA damage-inducing drugs \[[@CR160]\]. Subsequent studies revealed that Telomelysin, a telomerase-dependent oncolytic adenovirus, can produce profound radiosensitizing effects by inhibiting MRN complex via the E1B55kDa protein \[[@CR161]\]. Over 30 preclinical studies have reported the antitumor efficacy of Telomelysin against various tumors. A phase I/II study of Telomelysin in combination with radiotherapy for the treatment of esophageal cancer is now ongoing in Japan \[[@CR162]\]. The synergetic effect of other oncolytic adenovirus has also been reported elsewhere \[[@CR163], [@CR164]\].

### Modulation of protein translocation {#Sec12}

Poruchynsky *et al* showed that proteins trafficking of MRN components along microtubules can be blocked by microtubule-targeting agents \[[@CR165]\]. Retaining MRN in the cytoplasm can sensitize cancer cells to genotoxic treatments, mainly by interfering with DDR. These results indicate that inhibition of MRN complex can also be accomplished by interfering with their translocation.

Chen *et al* reported that the ability of the loading of MRN complex onto DSB sites can be inhibited by phosphorylation of MRE11 at S67, which blocks its binding to DSB. Accordingly, mutation at S767 renders MRN complex functional, restores DNA damage-induced cell-cycle arrest and extends the utility of genotoxic treatment \[[@CR166]\].

### Inhibitors {#Sec13}

Among several inhibitors of MRN complex, mirin is the most studied. Mirin inhibits MRE11-associated exonuclease activity, prevents MRN-dependent ATM activation, and abolishes the G2/M checkpoint and homology-dependent repair in mammalian cells \[[@CR167]\]. Its potential in sensitizing cancer cells towards genotoxic agents have been proved by independent studies. In malignant glioma, mirin sensitizes tumor cells towards lomustine, a DNA-targeting agent, and increases apoptosis and necrosis \[[@CR168]\]. In prostate cancer, mirin inhibits androgen-dependent transcription and growth of cancer cells \[[@CR169]\]. In MYCN-amplified neuroblastoma cells, higher MRE11 expression predicts poorer prognosis. Upon depletion or inhibition of MRE11 by knockdown or use of mirin, the accumulation of replication stress and DNA damage can be induced and results in significant impairment of tumor growth in vivo, suggesting the potential role of MRE11 inhibition in treating MYCN-amplified neuroblastoma \[[@CR170]\]. Mirin also enhances the efficacy of alkylating drugs in glioblastoma cells \[[@CR168]\]. Derivatives of mirin have been used for the studies of MRE11 endonuclease and exonuclease \[[@CR24]\] , while their potential function in cancer treatment remains poorly explored.

The histone deacetylase (HDAC) inhibitor Panobinostat can downregulate MRE11 and other proteins associated with homologous recombination and radiosensitize tumor cells \[[@CR102], [@CR171]\].

Pomegranate extract can inhibit cell proliferation and stimulate apoptosis in breast cancer cells. This anticancer effect may be mediated by its ability to downregulate the expression of molecules of MRN complex and other important genes involved in DSB repair \[[@CR172]\].

Heat shock protein 90 (Hsp90) is an evolutionary conserved molecular chaperone for numerous oncoproteins and is considered as an important facilitator of oncogenes. Its inhibitor compromises the ability of the MRN components to form nuclear foci and diminish the interaction between NBS1 and ATM, thus abrogating DSB repair in cancer cells \[[@CR173]\]. Targeting Hsp90 may represent a new approach for anti-cancer therapy.

Conclusions {#Sec14}
===========

With its important role in DDR, the function of MRN complex in cancer development and its potential as anticancer target has been widely explored in various types of cancer. It maintains genome stability and prevents malignant transformation in normal cells, but also functions in cancer cells. Many questions remain to be addressed with respect to its role in cancer. For example, there is little information about how MRN complex recognizes DNA ends, and a better delineation of the process should lead to a better understanding of its function. Also, the role of MRN complex in DSB and immune responses needs to be better explored. It is still controversial with respect to its dual role in tumorigenesis and prognosis. It appears that MRN complex is not critical for the development of cancer because most researches tend to consider the MRN complex as risk genes with moderate penetrance. Of note, most of the previous studies have been focused on investigating the relation between a single gene of the complex and cancer risk while often neglecting the state of the entire complex. Because each protein in the complex interacts with one another, the sole focus on individual component might yield information subjected to misinterpretation. To solve this issue, a standard for measuring and evaluate MRN complex as a whole is needed. Furthermore, combination of MRN disruption with PARPi appears to be a promising avenue for precision medicine. This might be realized through implement of oncolytic virotherapy or potent inhibitors. However, the exact synergistic efficacy of MRN complex deficiency and PARPi (or other treatments) require additional evidence at both the basic research and clinical level.
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